Abstract
Resumo

Objetivo
Expandir um programa computacional existente para planejamento e avaliação dos horários de turnos (BASS 3) por meio da incorporação da carga de trabalho e características econômicas.
Métodos O protótipo BASS 4 contém um novo módulo com um método de triagem (EBA) conveniente e de fácil aplicação para a avaliação da intensidade dos componentes físico, emocional e cognitivo da carga de trabalho e seus padrões temporais. O uso de critérios específicos com base nestas avaliações possibilita ajustar a duração do turno e do descanso de acordo com a intensidade da carga de trabalho física e
INTRODUCTION
There is a long tradition in ergonomics giving evidence that an ergonomic design of working hours, both with regard to the chronometry (e.g. the duration) and the chronology of working hours (e.g. shift work), as well as to the distribution and pattern of work and rest periods within a certain period of time 16, 25, 26, 30 is capable of protecting workers against the risk of impairing effects (e.g. fatigue, accidents) and can provide for optimal working conditions in order to promote their health and well-being as well as the reliability and productivity of the work system. 24 However, since the requirements encountered in the design of working hours, and especially in designing shift schedules, are becoming more and more complex and the claim for an economic optimization of labour is increasing, constructing rotas has become a cumbersome endeavour. Therefore, in order to support those responsible for the design of work schedules at the shop floor a broad range of software tools have been developed. The solutions available are ranging from simple computerized spread sheets for a still manual design of shift schedules to computer aided generation, optimization and evaluation of shift schedules based on workforce requirements and various criteria for the design of working hours. 15, 22, 27, 28, 42 Using computer support in designing acceptable shift schedules -acceptable from a legal, a collectively agreed, and especially from an ergonomics and an organizational perspective -may lead to a number of benefits 27, 28 such as: a) developing, evaluating and improving shift schedules rather quickly, while effectively taking into account • legal and collectively agreed requirements • evidence based ergonomics requirements • requirements, needs and the experience of workers concerned • requirements of the company (or employer) or customers b) allowing for a participative approach in the design of working hours, e.g. by • demonstrating interdependencies among requirements/ criteria and their effects on the resulting design • thus enabling informed decisions about design alternatives • promoting the acceptance of the resulting schedules by those concerned A concept established in a previously developed computer programme for the design and evaluation of shift schedules, using a stepwise procedure for generating shift schedules (BASS 3 27, 28 ), has shown to be suitable for the design of shift schedules for continuous and noncontinuous work with regular or irregular work demands in different areas of application (e.g. public transport, 30 manufacturing, health care and the services sector 17 ). In addition to numerous legal, agreed and company specific requirements this programme takes into account ergonomic criteria related to the design of working hours and shift schedules. 7, 34, 43 These include more physiologically/ biologically based criteria, e.g. the number of consecutive night shifts, as well as more psychosocially based criteria, e.g. concerning the interaction between working hours and leisure activities. However, according to feedback from small and medium sized enterprises, theoretical reasoning, and some recent research developments several aspects which have not yet been addressed adequately in this programme have been identified, and this seems to hold for computer aided design and evaluation of working time arrangements in general, as can be seen by looking at computer programmes available for this purpose in practice. The present paper will thus address the development of a new programme for which workload and economic aspects have been taken into account in more detail.
The workload aspect is obviously one of the most important (but obviously also most neglected) factors regarding the ergonomic design and evaluation of working hours, and thus one of the common rules states that, e.g. shift duration should be adapted to the workload, without being more specific, however, as to how this should be done. Although several aspects of workload are involved when taking into account the basic ergonomic criteria mentioned above, the design and evaluation of working hours is still lacking time-related (e.g. circadian rhythms) and jobbased (e.g. work task, work conditions) workload aspects, i.e. the intensity, duration and dynamics of different kinds of workload. This neglect of workload aspects is most probably due to the complexity of the problems involved and the problems of measuring and specifying criterion functions for tolerable or acceptable workload and rest periods with regard to the design of working hours. 38 Also still missing in the ergonomic computer aided design and evaluation of working hours are economic criteria which support the designer in optimizing schedules, e.g. without negative economic effects such as higher costs. Again feedback from companies identified this as a serious deficiency for BASS 3: while common commercial scheduling programmes show a complete neglect of ergonomic criteria, ergonomic approaches to the scheduling problem have greatly neglected the economic aspects of the problem (for an exception see 15 ) . Companies wanted to know how much an ergonomically improved design would cost or to be able to estimate the costs associated with different designs. Since a combination of different programmes did not seem promising, an attempt should be made to simultaneously take into account economic criteria and ergonomic criteria in designing as well as in evaluating working hours.
Therefore, in a research and development project supported by the German Federal Ministry for Education and Research under the program 'Innovative work design' an attempt has been made to develop workload and economic criteria/ requirements relevant for the design and evaluation of working hours and to integrate these criteria -along with existing legal, ergonomic and organizational requirementsin a software system for a computer aided design, evaluation and optimization of work schedules.
METHODS
Development and integration of criteria related to workload
In the context of the design and the evaluation of working hours, the integration of criteria related to workload should include the effects of working conditions (e.g. jobs, tasks, equipment, environment), and of working time arrangements (e.g. constraints related to time on task, time of day) as well as their interactions in order to be able to adequately consider the relevant parameters of workload, i.e. intensity, duration and dynamics, and their interactions. At present, programmes for computer aided design of working hours are mainly able to consider aspects of time-related constraints by taking into account general recommendations (e.g. avoiding extended working days, providing for shorter nightshifts, or a fast forward rotation). 15, 22, 27, 28, 37, 42 In general this seems to be a promising strategy since these recommendations are based on empirical evidence, e.g. studies based on national surveys 1, 18, 25, 29 or aggregating across different studies 12 indicating an increase in the accident risk for working hours beyond the normal working day.
Although observing such recommendations have already been shown to be an effective and preventive strategy for reducing the operators' risks of impairments imposed by their working hours, the results must remain insufficient without taking into account information about the nature of the task (e.g. mental or physical), the intensity and the extensity of workload, and their interaction. As has been demonstrated in some studies 2, 8, 9, 11 there are compensatory processes regarding performance and/or workload during night shifts. In addition, sometimes there are different job demands at night compared to those at day shifts. Considering such aspects factors apart from only time related ones become important. Therefore, some of the limitations of the above mentioned recommendations are due to the fact that the intensity of workload will always depend on the characteristics of the job at hand and therefore the context of application of a certain shift schedule.
Since the context of application serves as the primary source of information which determines the intensity of workload and its relevance for the design of shift schedules, a suitable instrument for the assessment of workload seemed to be necessary, i.e. suitable for practitioners at the shop floor, as they are the people who have to design shift schedules in practice.
There are certain specific requirements for the assessment of workload in the context of the design of working hours and therefore none of the existing instruments in workload assessment could be expected to assess the information required, i.e. the intensity of physical, emotional, and cognitive workload and their dynamics across the working day with a job adequate resolution, e.g. for each hour or quarter of an hour of work during each shift in the working day or week, or whatever resolution might be appropriate for the job under consideration. Further requirements would be that such an instrument should be usable for people responsible for the design of working hours in practice, at least at the level of a screening instrument (according to ISO 10075-3 20 ) while at the same time offering a possibility to be integrated into a computer programme for the design of working hours. Such an instrument has not been found; therefore a new and readily tailored instrument had to be developed.
Based on experiences with the evaluation and design of shift schedules in different areas of application and with available (German) instruments for task analysis and the assessment of workload, 14, 31, 33, 35 core items were collected, pre-selected and adapted according to expert ratings and pre-tested using different video taped work sequences. This led to a first version of a rating scale (EBA, German abbreviation for 'screening of workload at the workplace' [39] [40] [41] ) with a total of 15 items on physical (6), emotional (4) and cognitive (5) workload components, an instruction how to use EBA and a form for filling in intensity ratings for each item in the appropriate resolution for a time-based assessment.
The suitability of this rating scale for the intended area of application was analysed in a field study in a manufacturing company (In the meantime more analyses in different fields of application have been performed, supporting the evidence gained from this study.). After giving a brief introduction on how to use the EBA rating scales, three ergonomics experts (researchers of the Industrial and Organisational Psychology Unit, Oldenburg) and three job experts (staff from the health, safety and environmental protection department) observed five different jobs (e.g. assembly, inspection) for about 20 minutes each and then filled in the rating scales for each job. This provided information about an integrative, not yet time related, assessment of workload as a first step to determine whether the items would be usable by different groups of raters, especially practitioners, and useful for discriminating between jobs. A time based assessment has been performed in a separate analysis, 21 comparing the ratings of two observers with psychophysiological recordings taken from workers across complete shifts. Due to space limitations the results of this study cannot be presented here.
Integrating criteria related to workload requires not only the assessment of workload but also a model of how these assessments can be incorporated into the design of shift schedules. Therefore a criterion function had to be specified, taking into account the combination of the individual items and dimensions of the intensity of workload from the EBA, combined with the extensity dimensions of workload (i.e. duration, chronological position, sequence of work-rest periods, i.e. the dynamics of workload) for hours at work in a shift schedule. 23, 36 Based on theoretical reasoning derived from basic ergonomic workload concepts 19,36 the integration of job based (i.e. taken from EBA) and time based workload aspects (e.g. circadian rhythms) has recently been carried out, using conceptual approaches based on results of exploratory analyses of workload dynamics from the ergonomics literature. 3, 9, 13, 23, 25, 32, 34 For the development of the criterion function, firstly, EBA ratings for a typical work week in an appropriate resolution were aggregated applying a bottleneck model, i.e. avoiding compensation across the different aspects or items of workload. Secondly, depending on these results an aggregation for time on task was carried out taking into account the multiplicative relation between intensity and duration of workload. Thirdly, further aspects of chronology (i.e. time of day) were integrated. Next, a limit for the criterion function was established, with job and time based workload levels beyond this limit being assumed to result in impairments. Finally, the procedure of calculating this criterion function was integrated in BASS 4 and combined with the other criteria for the design and evaluation of working hours.
First results of such an integration of workload criteria into the design and evaluation of shift schedules will be presented.
Integrating economic aspects
Economic criteria (from business administration) have been identified and specified based on the relevant economic literature 6 and legal and collectively agreed regulations (e.g. wage agreements), in order to allow for an evaluation and joint optimization of working time systems. The relevant criteria from an economic perspective are the costs of an arrangement of working hours. Based on the economic literature the following types of costs have primarily been considered: labour costs (to be differentially specified according to professional qualifications) surcharges (additional labour costs, i.e. costs for work at specified times, e.g. overtime premium, costs for night work (e.g. night work bonus), costs for work on Saturdays or Sundays) (extra) allowances (i.e. costs across the entire labour time, e.g. productivity pay or shift-worker bonus)
These types of costs, which have to be specified according to the given context, will be applied to the economic evaluation of working hours. Different working time arrangements can then be compared based on these costs, as well as on the basis of total costs for each system. For the design and evaluation of work schedules these types of costs have been implemented as cost functions, using a linear optimization approach 5 (also known as operations research; i.e. maximizing a linear function over a convex polyhedron). In the evaluation of generated or given shift schedules these costs will be considered and presented to the user on different levels of aggregation and in different styles of representation.
RESULTS
Development and integration of workload related criteria
The suitability of the EBA rating as a workload screening instrument was analyzed using a 2x5x15 analysis of variance with two observer groups (3 ergonomics experts, 3 job experts), and five different jobs as between factors, and the 15 items of the EBA as a within factor. GreenhouseGeiser corrections for violations of sphericity (including results for ε GG ) 44 were applied where appropriate.
With regard to possible general differences in the ratings between the two groups of raters and/or the five jobs neither of the main effects nor their interaction were significant. However, the main effect for the Observer group factor was marginally significant, F(1, 25)=3.8, p=.063, indicating that both groups rated -in general -slightly differently. To understand this main effect, the significant interaction for Observer-group by Item, F(14, 350)=2.56, ε GG =.09, p=.023, should be taken into account, indicating that there are differences in using (at least some of) the 15 items between both observer groups. A closer inspection of the results revealed a tendency towards more conservative ratings, i.e. indicating higher levels of workload for static muscular work or demands on information processing for the job experts (practitioners) group, which was most probably due to the practitioners' long time experience with the working conditions at hand. According to the non significant triple interaction (Item by Job by Observer group) there seemed to be no tendency for some experts to systematically rate some items at a different level for some jobs. These results would indicate an acceptable understanding and use of the concepts and items used in the EBA by practitioners as well as by ergonomics experts. The main effect for Items, F(14, 350)=31.59, ε GG =.56, p<.001, and their interaction with Jobs, F(56, 350)=4.23, ε GG =.41, p<.001, were highly significant. This reveals a suitable discrimination of different jobs by specific combinations or patterns of the items, especially since there is a non significant main effect for Jobs and therefore, a halo-effect (for Jobs) is unlikely to be operating for both ergonomics and job experts. As an example, Figure 1 shows the EBA ratings for an assembly and an inspection task, showing clear cut different profiles of workload. Figure 2 shows an example for the concepts associated with the workload criterion function in the design and evaluation of working hours. This is illustrated by a shift designed to begin at 07:00 and lasting 8h. The indicated levels of workload (light bars in Figure 2 ) generally consist of job based workload assessments (EBA items for each hour of the shift aggregated across items on an hourly level), which are rather invariant across the whole shift. However, 
Workload assessment Limit
Job and time based workload the resulting strain in the worker (resulting from the combination of job and time based workload, their interactions, accumulated for time on task; indicated by the bold line in Figure 2 ) is assumed to increase, since there is no break and thus no possibility for recuperation.
According to the conceptualized model and the example illustrated in Figure 2 , the bold line would indicate that a shift duration of up to 7 hours would be acceptable, since during the 8 th hour (and later on) the level of workload (in this case the strain within the worker) is beyond the specified limit (thin line in Figure  2 ). As there is no change in the job based level of workload during the first 3h the increase in strain is based on a feedback effect of a non compensated high level of workload over time, i.e. with no break and thus no recuperation, so that the next period (hour) of work will meet a reduced capacity for work, resulting in increased work strain and fatigue. In this case, this has been combined with a time based workload effect, e.g. a post lunch dip, 10 which decreases working capacity as well.
Based on results like those presented in Figure 2 different interventions for the design of an acceptable shift schedule from a workload perspective would be possible: (1) limiting the duration of the shift to seven hours, (2) reducing the job based level of workload through a reorganization of working conditions, (3) implementing an additional shift group in order to distribute the job based workload to parallel shift groups, and/or (4) providing adequate rest breaks in order to provide for recuperation and thus interruptions of the feedback loop.
So far, relevant components of the criterion function have been identified, concepts for an integration of these components and for the required calculations have been drawn up and checked against theoretical reasoning and results from field studies and have been adapted where appropriate. Lack of space, the provisional nature of these function(s) and their status of being still subjected to further testing do not allow for an extensive treatment here.
The criterion function is now being implemented in the software programme and will soon be available for some first tests regarding the generation and optimization of shifts and shift schedules. In order to validate and improve the criterion function an investigation using a time series approach for an analysis of the relation of the EBA instrument with psychophysiological measures of work strain for a continuous workload assessment across complete shifts has recently been finished 21 and will be used for adapting the criterion function where appropriate.
Integrating economic aspects
The implementation of the various time related cost functions now allows for a calculation of the costs associated with different shift schedules and with different solutions for a given scheduling problem. These differences usually arise from a different design of the shifts, e.g. with regard to their start and end times and the manning of the demands for workforce, resulting in different surcharges and allowances, whereas the sequence of shifts, i.e. the kind of rotation, seems to be of less importance. This of course will have to be further tested in the future. It would, however, be consistent with the observation that management generally does not care for or object to specific kinds of rotations in shift systems, their main concern usually is that the system works and that it does so at a low level of costs. The results gained with the new module so far support the hypothesis that from an economic point of view it does not make much of a difference whether a shift system is rotated slowly backward or fast forward.
As an example Figure 3 shows the results of the economic evaluation of two different solutions for a given problem of continuous shift work, one slowly backward rotated and the other one fast forward rotated. The ergonomic evaluation for both systems shows a lot of violations of the ergonomic criteria (indicated by the number and the kind of symbols in the shift schedules in Figure 3 ) for the slowly backward rotated system as opposed to only a few violations in the fast forward rotated system. However, the comparison of the economic costs (in €, or any other currency) for both solutions shows remarkable differences only in the costs for each individual shift group per week, within and between schedules. Since the groups are rotating in a four weeks cycle these differences balance out over a complete shift cycle in both systems, resulting in an indifference of total cost for both systems. These results clearly demonstrate that better shift rotas need not necessarily be associated with higher total costs, which is of importance in illustrating and supporting the ergonomic design of shift schedules from an economic point of view.
Going just one step beyond the results presented in Figure 3 , one could assume that according to collective agreements surcharges need to be paid for weekly overtime (e.g. for more than 50 hours a week in this example). That would result in higher costs for the slowly backward rotated system (as presented in Figure 3 ) and in unchanged costs for the fast forward rotated system; even for a four week cycle. While the maximum of hours per week in the latter system is 50 hours (for group 1; see Figure 3 , i.e. 6 x 8 hours + 2 www.fsp.usp.br/rsp CAD of working hours Schomann C et al hours on Sunday), it is 56 hours (group 2; see Figure  3 , with 7 x 8 hours) for the slowly backward rotated system, making these surcharges applicable and thus resulting in higher total costs. Assuming non-linear increasing surcharges beyond the legal permissible 48h per week would lead to even greater differentials for both solutions. The sensitivity of the implemented functions thus definitely needs further testing.
Using the implemented cost functions now allows for the evaluation of the detailed and total costs of a system, but more important, also of the costs associated with any changes: it thus allows evaluating the costs associated with improvements regarding other criteria, which is always an important question when designing working hours according to ergonomic criteria. Another important step forward is that these functions can now be used in generating shifts and rotas, so that both ergonomic and economic criteria can be used for an optimization, showing the interdependencies in the results.
It should be noted, however, that the cost calculations at the moment do not take into account overhead costs, e.g. for maintenance, repairs, and services, and do not consider any effects of a bad shift design, e.g. compensating for health effects or effects regarding the risk of errors or accidents. This, of course, would probably change the balance considerably, e.g. by implementing surcharges for more than three night shifts in a row. Since such costs are difficult to estimate and to specify they have been left aside for the time being. However, the system in general would be open for such improvements. And it would seem most interesting to try and add a macroeconomic perspective to the business management perspective adopted here for the moment.
DISCUSSION
Computer aided design and evaluation of shift schedules should rather be regarded as a tool for supporting the designer than as an instrument for replacing her/his creativity, experience and professional qualification. This is especially true for the new aspects implemented in the programme BASS 4, because the more care is taken when assessing the job based workload or specifying of the relevant economic costs, the better the criteria will work and the better they will support the evaluation, generation, and optimization of shift schedules. According to the results for the integration of workload aspects the new EBA instrument seems to be a suitable and usable screening instrument for the intensity of workload and its temporal distribution for both ergonomics and job experts respectively. The concept of criterion functions, including the integration of job based and time based workload aspects, seems to be appropriate for an implementation into computer aided design and evaluation of shift schedules. However, further investigations, tests and adaptations will be necessary to improve the performance of the system. The new economics module allows for the assessment of the economic costs for a given or for alternative solutions for the design of a working time system and thus for the evaluation of the costs of (changes in) ergonomic criteria in the design of working time systems. This could be very helpful in convincing management that improvements in ergonomic design quality are not necessarily related to increased costs, but should, in the long run, result in economic benefits by avoiding the resulting costs of badly designed systems.
Integrating workload and economic aspects as criteria into computer aided design and evaluation of shift schedules can thus serve as a preventive strategy for improving workers' health and safety as well as the reliability and productivity of the work system. A fully operational version of BASS 4 (in German) will be available by the end of 2004.
